Introduction
============

Esophageal cancer is one of the most common and aggressive malignancies in the world.[@b1-ott-12-1575] Two pathology subtypes (esophageal squamous cell carcinoma \[ESCC\] and esophageal adenocarcinoma) have been observed.[@b2-ott-12-1575] The most prevalent subtype in China is ESCC.[@b3-ott-12-1575] Current nonspecific cytotoxic therapies cure only a fraction of patients. Further understanding the pathogenesis of esophageal cancer would advance treatment.

Cellular senescence is the phenomenon by which normal diploid cells cease to divide.[@b4-ott-12-1575] DNA damage response, DNA damage, elevated ROS, and activation of oncogenes induce senescence.[@b5-ott-12-1575] Molecular mechanistic studies demonstrated that P53, P16, and Rb are key regulators of senescence.[@b6-ott-12-1575] Recently, a panel of effectors was identified as regulators of senescence by modulating P53, P16, and Rb protein levels.[@b7-ott-12-1575]

UHRF1 is a RING-finger-type E3 ubiquitin ligase.[@b8-ott-12-1575] The protein binds to specific DNA sequences and recruits a histone deacetylase to regulate gene expression.[@b9-ott-12-1575] Several studies have demonstrated that UHRF1 is a modulator of senescence. Decreased UHRF1 expression is a key initial event in the suppression of DNMT1-mediated DNA methylation and the consequent induction of senescence via increasing WNT5A expression.[@b10-ott-12-1575] Consistently, destabilization of UHRF1 is necessary for PIM1-induced cellular senescence.[@b11-ott-12-1575] Moreover, UHRF1 represses P16 expression.[@b12-ott-12-1575] These observations suggest that UHRF1 is a negative regulator of senescence.

MLL3 is a lysine methyltransferase, possesses histone methylation activity and is involved in transcriptional coactivation.[@b13-ott-12-1575] The role of MLL3 in senescence remains unknown. We previously demonstrated MLL3 dysfunction in ESCC.[@b14-ott-12-1575] In this study, we examined the roles of MLL3 in ESCC cell senescence.

Materials and methods
=====================

Cell culture
------------

Normal esophageal epithelial cell line SHEE and ESCC cell lines (Caes17, KYSE180, and Eca109) were gifts from Professor Xu (Shantou, Guangdong Province, China). KYSE180 and Eca109 were highly differentiated ESCC cell lines, and Caes17 was poorly differentiated cell line. These cell lines were maintained in DMEM containing 10% FBS and antibiotics. Cells were maintained in an atmosphere at 37°C with 5% CO~2~. Cells were transfected using Lipo-fectamine 2000 according to the instructions of the manufacturer. The use of the cell lines has been approved by the ethics committee of Jingjiang People's Hospital.

Plasmid construction
--------------------

The MLL3 (NM170606.2) coding sequence was inserted into the pLVX lentivirus vector or pcDNA3.1 vector to obtain the Flag tag or myc tag. The P16 (NM000077.4) coding sequence was inserted into the pGEX4T-1, pCMVTag2B, or pCMV-HA vector to obtain the GST tag, Flag tag, or HA tag. The UHRF1 coding sequence was inserted into the pCMVTag2B vector to obtain the Flag tag.

Western blot
------------

Proteins were extracted from the cell cultures and tissues using RIPA buffer. After centrifugation and quantification via Brad-ford assay, the proteins were loaded onto a polyacrylamide gel, and the SDS-PAGE was performed. Then, the proteins were transferred to PDVF membrane, blocked with 5% milk and incubated with the primary antibody overnight at 4°C. On the next day, the membranes were washed with TBST solution and incubated with the secondary antibody for 1 hour at room temperature. After three washes, the membranes were examined using an enhanced chemiluminescence kit. Anti-MLL3 (PLA0028, 1:1,000) and Anti-GST (SAB4200692, 1:1,000) were obtained from Sigma; anti-GAPDH (\#5174, 1:1,000), anti-Flag (\#14793, 1:1,000), anti-Myc (\#2276, 1:1,000), anti-P16 (\#80772, 1:1,000), anti-P21 (\#2947, 1:1,000), anti-P27 (\#3686, 1:1,000), and anti-P53 (\#2524, 1:1,000) were obtained from Cell Signaling Technology. Mouse IgG (\#63630, 1:2,000) and Rabbit IgG (\#3900, 1:2,000) were obtained from Cell Signaling Technology.

Immunohistochemistry (IHC)
--------------------------

Fresh clinical samples were deparaffinized using terebinth and ethanol. After hydration, antigen recovery was performed using EDTA solution at 100°C for 3 minutes. The tissues were incubated with the primary antibody solution overnight at 4°C after inactivating endogenous peroxidase activity. On the next day, the tissues were washed and incubated with the secondary antibody for 1 hour at room temperature. After three washes, the tissues were developed using DAB.

MTT assay
---------

MTT assay was performed to examine ESCC cell proliferation. On day 0, cells were seeded in 96-well plates (1,000 cells/well) with 200 µL DMEM/well. On days 1, 3, 5, and 7, 20 µL MTT solution was added to each well and incubated with the cells for 4 hours. Then, the supernatant was removed, and MTT was dissolved using 200 µL DMSO. The experiments were performed in triplicate. The OD 540 nm was measured.

Soft agar assay
---------------

The soft agar assay was performed to examine the anchorage-independent growth of ESCC cells. Details about the soft agar assay were described in a previous study.[@b15-ott-12-1575]

β-gal staining
--------------

Cells were washed twice with PBS and fixed with 4% formaldehyde for 5 minutes. Then, cells were incubated at 37°C with β-gal staining solution overnight. Stained cells were evaluated using a microscope. Percentages of positively stained cells were calculated.

GST pull down
-------------

The coding sequence of P16 was inserted into the pGEX-4T-1 vector. GST protein and the fusion protein were purified using glutathione Sepharose 4B beads according to the manufacturer's instructions. Briefly, 5 µg GST or GST-P16 proteins were incubated with 500 µg cell lysates overnight at 4°C. On the next day, glutathione Sepharose 4B beads were added and incubated with the cell lysates for an additional 4 hours. The beads were washed thrice, and immunoprecipitated proteins were eluted using loading buffer.

Immunoprecipitation
-------------------

For immunoprecipitation to detect the interaction between the exogenously expressed proteins, ESCC cells were transfected with the indicated plasmids. Forty-eight hours later, the cells were harvested using RIPA buffer. After centrifugation and determination of the concentration, the beads coupled with an anti-Flag antibody were added to the supernatant and incubated for additional 2 hours. After an extensive wash, the beads were boiled with loading buffer, and the immunoprecipitated protein was examined using Western blotting.

For immunoprecipitation to detect the interaction between the endogenously expressed proteins, the indicated primary antibody was added to the supernatant and incubated overnight at 4°C. On the next day, Protein A beads were added to the supernatant and incubated for additional 4 hours. After extensive washes, the beads were boiled with loading buffer, and the immunoprecipitated protein was examined via Western blotting.

Statistical analysis
--------------------

Statistical analysis was performed by Student's *t*-test (two-tailed) using Prism GraphPad software. *P*\<0.05 was considered statistically significant. Data were presented as the mean ± standard error of the mean.

Results
=======

MLL3 protein levels are reduced in ESCC
---------------------------------------

Our previous study demonstrated the downregulation of MLL3 mRNA levels in ESCC tissues.[@b14-ott-12-1575] To further confirm these results, we first examined MLL3 protein levels in the normal esophageal cell line SHEE and ESCC cell line Caes17, KYSE180, and Eca109 ([Figure 1A](#f1-ott-12-1575){ref-type="fig"}). Obviously, MLL3 protein levels were increased in the normal esophageal cell line SHEE. Then, we examined MLL3 protein levels in ESCC tissues using Western blotting and IHC. MLL3 protein levels were reduced in ESCC tissues as demonstrated by Western blot analysis ([Figure 1B](#f1-ott-12-1575){ref-type="fig"}). Based on IHC staining, MLL3 protein was mainly localized in the nuclei of normal esophageal epithelia, and its expression was lost in cancerous tissues ([Figure 1C and D](#f1-ott-12-1575){ref-type="fig"}). In summary, these observations suggested the downregulation of MLL3 protein in ESCC.

MLL3 inhibited growth and colony formation and promoted the senescence of the ESCC cells
----------------------------------------------------------------------------------------

We first forced the expression of MLL3 in Eca109 and Caes17 cells ([Figure 2A](#f2-ott-12-1575){ref-type="fig"}) and examined the effects of MLL3 on the growth, colony formation, and senescence of ESCC cells. As shown in [Figure 2B and C](#f2-ott-12-1575){ref-type="fig"}, MLL3 significantly inhibited plate-based growth and colony formation of ESCC cells on soft agar. In addition, MLL3 overexpression increased Eca109 and Caes17 cell senescence ([Figure 2D](#f2-ott-12-1575){ref-type="fig"}).

Next, we knocked down MLL3 expression in Eca109 and Caes17 cells ([Figure 3A](#f3-ott-12-1575){ref-type="fig"}). Downregulation of MLL3 promoted ESCC cell growth as revealed by MTT assay ([Figure 3B](#f3-ott-12-1575){ref-type="fig"}). Moreover, reduced MLL3 expression enhanced anchorage-independent growth of ESCC cell growth ([Figure 3C](#f3-ott-12-1575){ref-type="fig"}). Consistently, MLL3 downregulation reduced ESCC cell senescence based on β-gal staining ([Figure 3D](#f3-ott-12-1575){ref-type="fig"}). Taken together, MLL3 inhibited the growth and colony formation and promoted the senescence of ESCC cells.

MLL3 inhibited the expression of senescence regulators
------------------------------------------------------

To further explore the mechanism through which MLL3 induced senescence, we examined the mRNA levels of P21, P27, and P53 in the Caes17 cells with reduced MLL3 expression. As shown in [Figure 4A](#f4-ott-12-1575){ref-type="fig"}, knocking down MLL3 expression reduced P21, P27, and P53 mRNA levels. Consistently, overexpression of MLL3 upregulated P16, P21, P27, and P53 protein levels ([Figure 4B](#f4-ott-12-1575){ref-type="fig"}). In the functional study, knocking down the expression of P16 abolished the senescence-promoting effects of MLL3 ([Figure 4C and D](#f4-ott-12-1575){ref-type="fig"}). Collectively, these results suggested that MLL3 promoted senescence by upregulating senescence regulators.

MLL3 interacted with P16
------------------------

To further elucidate the molecular mechanisms, the interactions between MLL3 and senescence regulators were examined. As demonstrated by GST pull-down assay ([Figure 5A](#f5-ott-12-1575){ref-type="fig"}), the interaction between MLL3 and P16 was detected in both Eca109 and Caes17 cells. In the immunoprecipitation assay, exogenously expressed MLL3 (myc-MLL3) and P16 (Flag-P16) interacted with each other ([Figure 5B](#f5-ott-12-1575){ref-type="fig"}). Similarly, endogenous MLL3 and P16 formed a complex ([Figure 5C](#f5-ott-12-1575){ref-type="fig"}). UHRF1 interacts with P16 and downregulates P16 protein levels. We next examined whether the interaction between P16 and UHRF1 was affected by MLL3 expression. Indeed, MLL3 disrupted the interaction between UHRF1 and P16 ([Figure 5D](#f5-ott-12-1575){ref-type="fig"}), indicating that MLL3 blocked the degradation of P16 induced by UHRF1.

Discussion
==========

MLL3 is a histone demethylase widely expressed, and we demonstrate that its expression is downregulated in human ESCC tissues, the most common malignancy in China. We demonstrate a role for MLL3 in preventing the malignant progression of ESCC. Our findings suggest that MLL3 is a tumor suppressor in ESCC, define it as an upstream protector of p16, and thereby reveal that alteration in MLL3 represents a point of vulnerability in cancer.

In our functional studies, we reveal significant senescence in the cell population that overexpresses MLL3. In addition, knocking down MLL3 expression reduced senescence. Consistent with these observations, MLL3 positively regulated the expression of senescence-associated regulators, providing a good explanation for the biological functions of MLL3 in ESCC.

Importantly, we identified a physiological function for MLL3 as a protector of p16 by weakening the interaction between p16 and its E3 ligase UHRF1. This finding is consistent with previous findings demonstrating that loss of p16 expression was associated with poor differentiation of ESCC.[@b16-ott-12-1575] p16 is one of the key regulators of senescence. MLL3 interacts with p53 (another regulator for senescence) and forms a tumor suppressive coactivator complex.[@b17-ott-12-1575] Collectively, these observations in combination with the present study suggested that MLL3 might be a regulator of senescence.

Another interesting finding of this study is the modification of the p16--UHRF1 interaction by MLL3. Several studies have demonstrated the downregulation of p16 protein levels by UHRF1.[@b12-ott-12-1575] Our study further demonstrated that MLL3 protected p16 by disrupting the association between UHRF1 and p16.

In the present study, we demonstrate the tumor suppressive roles of MLL3 in ESCC and suggest that restoration of MLL3 expression might be a promising strategy for treatment.
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![Downregulation of MLL3 in ESCC.\
**Notes:** (**A**) Analysis of MLL3 protein levels in the normal esophageal epithelial cell line (SHEE) and ESCC cell lines (Caes17, Eca109, and KYSE180). (**B**) Analysis of MLL3 protein levels in five ESCC tissues and five noncancerous tissues. (**C**) MLL3 protein levels in 32 ESCC tissues and 32 noncancerous tissues were examined using immunohistochemistry. (**D**) Statistical analysis for **C**.\
**Abbreviation:** ESCC, esophageal squamous cell carcinoma.](ott-12-1575Fig1){#f1-ott-12-1575}

![MLL3 induced ESCC cell senescence.\
**Notes:** (**A**) MLL3 overexpression in Eca109 and Caes17 cells. The indicated virus was used to infect Eca109 and Caes17 cells. (**B**) MTT assay was performed to examine the effects of MLL3 on ESCC cell growth. (**C**) Colony formation assays were performed to examine the effects of MLL3 on the anchorage-independent growth of ESCC cells. (**D**) β-gal staining to examine the effects of MLL3 on ESCC cell senescence. \*\**P*\<0.01.\
**Abbreviation:** ESCC, esophageal squamous cell carcinoma.](ott-12-1575Fig2){#f2-ott-12-1575}

![MLL3 downregulation inhibited ESCC cell senescence.\
**Notes:** (**A**) Downregulation of MLL3 in Eca109 and Caes17 cells. (**B**) MTT assay was performed to examine the effects of MLL3 downregulation on ESCC cell growth. (**C**) Colony formation assay was performed to examine the effects of MLL3 downregulation on the anchorage-independent growth of ESCC cells. (**D**) β-gal staining to examine the effects of MLL3 downregulation on ESCC cell senescence. \*\**P*\<0.01.\
**Abbreviation:** ESCC, esophageal squamous cell carcinoma.](ott-12-1575Fig3){#f3-ott-12-1575}

![MLL3 promoted the expression of senescence regulators.\
**Notes:** (**A**) q-PCR was performed to examine P21, P27, and P53 mRNA levels. (**B**) Western blotting was performed to examine P16, P21, P27, and P53 protein levels. (**C**) Knocking down P16 expression impaired the induction of senescence mediated by MLL3. (**D**) Statistical analysis of **C**. \*\**P*\<0.01.](ott-12-1575Fig4){#f4-ott-12-1575}

![MLL3 interacted with P16.\
**Notes:** (**A**) GST pull-down assay was performed to examine the interaction between MLL3 and P16. (**B**) Immunoprecipitation assay was performed to examine the interaction between myc-tagged MLL3 (myc-MLL3) and Flag-tagged P16 (Flag-P16). (**C**) Immunoprecipitation assay was performed to examine the interaction between endogenous MLL3 and P16. (**D**) Immunoprecipitation assays were performed to examine the effects of MLL3 expression on the UHRF1 and P16 interaction.](ott-12-1575Fig5){#f5-ott-12-1575}
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